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bstract

Conjugated polymers are attractive novel materials whose properties may be tunable after their primary synthesis, by changing their redox state
long with their charge while concomitantly dedoping/redoping with appropriate counterions. They can also be made into conductive “synthetic
etals” that can be incorporated into electronic circuitry in place of traditional conductors and semiconductors, besides serving as active sensing

lements. Their use in sensors is already a maturing field of research, while the perspective of using them in gas separation and pervaporation
pplications is beginning to emerge. Permeation properties of membranes can be controlled by medium energy (up to a few hundred keV) ion

eam irradiation. We present a systematic mathematical modeling approach to describing medium energy (up to a few hundred keV) ion beam
rradiation, which allows to predict implantation and damage depths in any given polymer, for any ions with arbitrarily chosen atomic number and
nergy.

2006 Elsevier B.V. All rights reserved.

; Cond

t
f
u
p
r
a
e
T
i
t

w
r
(
m
p
t

eywords: Monte Carlo simulation; Computer modeling; Ion beam irradiation

. Introduction

Ion beam irradiation is a well established tool for the modifi-
ation of polymer surfaces [1–24], useful for controlled change
f a variety of properties, such as chemical reactivity, hardness,
ear, wetting, adhesion, and cell attachment. So far, little atten-

ion was paid to the application of this technique for modifying
onjugated conducting polymers [25–30], even though in the
uture they may become the materials of choice [31–35] in the
emiconductor industry where ion implantation is widely used.
lso, besides their valuable electronic properties, these poly-
ers have remarkable permeability characteristics as well, mak-

ng them attractive membrane materials for separation [36,37]
nd sensor [38] applications. In this respect, it is important to
ote that permselectivity can be tailored by ion beam treatment
22–24,39–47].

During ion implantation, a beam of positive ions, typically

ith energies between 20 and 200 keV, is used to uniformly
ombard the target polymer. This causes the projectile ions
o be trapped in the substrate and the target to undergo struc-
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ural changes due to the large amount of energy taken up
rom the penetrating ions [48]. The use of Monte Carlo sim-
lation to model the effect of ion implantation into various
olymers (such as polyethylene, polypropylene, polytetrafluo-
oethylene and polyamide) has been demonstrated in the liter-
ture [4,49,50]. The main purpose of these calculations was to
stimate the penetration depths. The results from applying the
RIM code [51–53] showed near-quantitative agreement with

mplant profiles measured by the Rutherford back-scattering
echnique [4,49,50,54].

In this contribution, we extend our prior theoretical method
ith a more general formalism, and present the first theoretical

esults on ion beam implantations of poly(3-alkylthiophenes)
P3AT). These are among the most studied conjugated poly-
ers, due to their importance in making stable conducting

lastic materials. While no experimental data is available for
he effect on these particular materials yet, our work on Nafion
21,22,56] already showed how promising this technique is for
ailoring permeation properties; therefore these calculations can
rovide some guidance toward getting practical results from

odifying P3AT with this relatively new technological tool. We

ave previously demonstrated the utility of applying the com-
rehensive quantum mechanical based treatment of ion–atom
ollisions implemented in the Stopping/Transport and Range of

dx.doi.org/10.1016/j.seppur.2006.04.014
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resulting fits to be discussed below) for P3MT target: E = 7 keV
helium ions, Ec = 1.1 keV, Rc = 13 nm; E = 90 keV sulfur ions,
Ec = 36 keV, Rc = 24 nm; E = 200 keV xenon ions, Ec = 483 keV,
Rc = 95 nm.
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ons in Matter program (SRIM/TRIM) [51–53,55] in modeling
he effect of ion beam irradiation on some polymer membranes
21,22,56].

Our calculations have been extended by statistical analy-
is of the damage distribution, thus allowing an assessment of
he dependence of surface layer changes on the implantation
arameters. As models for P3AT with short and long sidechains,
oly(3-methylthiophene) (P3MT) and poly(3-octylthiophene)
P3OT), respectively, have been chosen. After presenting our
alculation method and results, an illustrative example of their
se for evaluating prospective experiments is shown as well.

. Target materials

.1. Poly(3-methylthiophene)

Undoped P3MT, i.e. [–(C4HS(CH3))–]x as an infinite chain
without any end-groups) is considered, with an overall empiri-
al formula C5H4S. Its density, an important input parameter to
he TRIM calculations, is taken from reported helium pycnom-
try measurements [57] to be 1.51 g/cm3. This corresponds to
target numerical density Nd = 9.457 × 1028 atoms/m3. In eval-
ating our calculations, the target is characterized by an effec-
ive atomic number and atomic mass, which are simply taken
s the arithmetic average values for the polymer: Zeff = 5.000,

eff = 9.615.

.2. Poly(3-octylthiophene)

Undoped P3OT, i.e. [–(C4HS(C8H17))–]x as an infinite chain
without any end-groups) is considered, with an overall empiri-
al formula C12H18S. Its density, an important input parameter
o the TRIM calculations, is taken from reported helium picnom-
try measurements [57] to be 1.05 g/cm3. This corresponds to
target numerical density Nd = 1.008 × 1029 atoms/m3. In eval-
ating our calculations, the target is characterized by an effec-
ive atomic number and atomic mass, which are simply taken
s the arithmetic average values for the polymer: Zeff = 3.420,

eff = 6.270.

. Calculation

Some details of our methodology have been reported ear-
ier [22]. Briefly, penetration of projectile ions as well as the
ull recoil cascades are calculated by the TRIM module of the
RIM program package [51,52,55] (Version 2003.26). At each
ombination of projectile ion and energy investigated, statistical
nalysis is carried out from the raw results on both the implant
on and so-called vacancy (i.e. collisional damage) positions, to
etermine the moments of depth distributions [51,52,58]. The
rst moment is conventionally called (longitudinal) range (Rp)
or the implanted ions, and we have analogously defined the
ange for collisional damage (Rd) [22]. The second moments are

alled straggling parameters; in the figures below these variance
ype quantities are shown plotted in place of error bars (which
ould be smaller than the symbols used, due to the ranges cal-

ulated with sufficient accuracy).
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Job control, which involves queuing multiple SRIM/TRIM
uns over sets of input data prepared, as well as evaluating
nd summarizing raw output, is handled by in-house developed
cripts that we release to the public domain [55].

The projectile ions, chosen for this study, are the noble gases
e through Rn. This covers the atomic number range 2–86, and
fit over our results allows predicting range data for arbitrary

ons from the entire periodic table.
In order to summarize all the results from the different

ons, converting to dimensionless units based on the Ziegler–
iersack–Littmark formalism [51,52] is performed. This uti-

izes scaling with the characteristic energy Ec and length Rc,
efined according to Eqs. (1)–(3):

s = 0.8853aB

Z0.23
1 + Z0.23

2

(1)

c = Z1Z2e
2(M1 + M2)

M24πε0as
(2)

c = (M1 + M2)2

M1M2Nd4πa2
s

(3)

where as is the Ziegler–Biersack–Littmark screening length,
B = 0.529 Å the Bohr radius, Z1 and Z2 the atomic numbers
f the incident ion and target atom, respectively, M1 and M2
heir atomic masses, e = 1.60 × 10−19 C the electron’s charge,
0 = 8.85 × 10−12 C2/Nm2 the permittivity of vacuum, and Nd
s the number density of the target. In order to illustrate the

agnitude of these scaled quantities for selected ions, some
ractically relevant examples are shown in Fig. 1 (along with the
ig. 1. Scaled ranges for implantation in P3OT (slanted crosses) and P3MT (full
riangles), and for collisional damage (displaced by 1 log unit down for clarity)
n P3OT (straight crosses) and P3MT (empty triangles); error bar symbols mark
orresponding straggling parameters; labels designate examples of calculated
ollisional damage ranges into P3MT (see text for details).
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. Results and discussion

Fig. 1 displays the logarithms of scaled ranges for implant
ons (log(Rp/Rc)) and for collisional damage (log(Rd/Rc)), versus
he logarithm of scaled energy (log(E/Ec)). It can be seen that
ll results fall on a linear master curve, when expressed in this
caled form. The corresponding straggling parameters are also
hown on this plot marked by error bar symbols.

Double logarithmic fits of the scaled ranges, Eqs. (4) and (5)
elow (where the standard errors of the fitted slope and intercept
re also shown in parentheses), show good linearity as indicated
y their regression coefficient r near unity:

og

(
Rp

Rc

)
= (0.708 ± 0.009) log

(
E

Ec

)

+ (0.437 ± 0.011), r = 0.993 (4)

og

(
Rd

Rc

)
= (0.756 ± 0.008) log

(
E

Ec

)

+ (0.262 ± 0.011), r = 0.994 (5)

These equations allow calculating what Rp and Rd values
ould be yielded by a SRIM/TRIM calculation on P3AT, pro-
ided that the dimensionless energy falls in the covered range
.002–465. Ranges for projectile ions with arbitrary Z1, M1 can
e calculated, aiding a rational design of ion irradiation experi-
ents.
As an example for practical utilization of the results above,

et us consider the following scenario. Suppose that we want
o characterize quantitatively some implantation experiments
ith the ECR ion source described by Dworecki et al. [24].
he projectiles in this case are 90 keV sulfur ions [24], with

og(E/Ec) = 0.40. Our prediction from Eq. (5) (as indicated by the
orresponding label on Fig. 1) yields log(Rd/Rc) = 0.57, i.e. an
nscaled value of Rd = 89 nm. Now, in order to obtain the value
f the energy necessary for getting the same damage depth with
different ion source, we can simply plug in the appropriate data

or other projectiles: thus, a simple calculation gives E = 7 keV
or He and E = 200 keV for Xe. These numbers can guide the
etup of comparative experiments for investigating the effect of
mplantation treatment on the permeability of membranes.

Obviously, these calculations are only a first step toward
chieving direct practical answers to separation problems. Nev-
rtheless, given that permeation behavior is critically affected by
he gas–solid interface [59–61], having the detailed quantitative
escription of a technique used for tailoring this region provides
helpful theoretical tool for engineering this layer.
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